INTRODUCTION
============

Inflammation plays a key role in eliminating the initial causes of tissue injury and harmful stimuli such as pathogens and damaged cells ([@b1-bmb-51-308]). Inflammation is initiated by several immune cells including macrophages, dendritic cells, and monocytes upon stimulation ([@b2-bmb-51-308]). These immune cells produce various inflammatory mediators including nitric oxide (NO), prostaglandin E~2~ (PGE~2~), and pro-inflammatory cytokines such as interleukin (IL)-6, IL-1β, and tumor necrosis factor-α (TNF-α). These mediators induce the classical symptoms of inflammation including pain, heat, and swelling ([@b3-bmb-51-308]). However, the excessive production of pro-inflammatory mediators results in cellular damage and causes various inflammatory diseases ([@b4-bmb-51-308]). Therefore, the suppression of pro-inflammatory mediators is an attractive therapeutic strategy for the treatment of various inflammatory diseases.

The pro-inflammatory mediators are regulated by several signaling pathways including the nuclear factor-κB (NF-κB) and the mitogen-activated protein kinases (MAPKs). Upon stimulation of the macrophages with lipopolysaccharide (LPS), NF-κB and MAPKs are activated by cascades including IL-1 receptor-associated protein kinases (IRAKs) and the transforming growth factor-β-activated kinase 1 (TAK1). In the LPS-induced inflammation, the toll-like receptor 4 (TLR4) recognizes LPS and causes the activation of downstream signaling factors including myeloid differentiation factor 88 (MyD88), IRAKs, and TAK1 ([@b5-bmb-51-308]). When LPS binds to TLR4, the latter recruits MyD88, IRAKs, and other adaptor molecules. Association with MyD88 leads to IRAK4 activation and the phosphorylation of IRAK1 by IRAK4 ([@b6-bmb-51-308]). Phosphorylated IRAK1 activates the TRAF6/TAK1 complex to activate the downstream protein kinases, which are inhibitors of κB kinase (IKK) and MAPKs ([@b6-bmb-51-308], [@b7-bmb-51-308]). IRAK1 is then polyubiquitinated by the IRAK1-activated E3 ligase and degraded by proteasomes ([@b8-bmb-51-308]). Activated IKK and MAPKs upregulate various transcription factors including NF-κB and activator protein-1 (AP-1) that induce the expression of pro-inflammatory mediators.

Small-molecule inhibitors are used for the treatment of various diseases and as tools to study the mechanisms of various cellular processes through the regulation of specific targets ([@b9-bmb-51-308]). In addition, small-molecule inhibitors are more stable than larger molecules (such as monoclonal antibodies), are generally cell-permeable, and can be easily used to compare, *in vivo*, the activity of analogs with diverse *in vitro* activities ([@b9-bmb-51-308], [@b10-bmb-51-308]). Previous studies have revealed a variety of small-molecule inhibitors with anti-inflammatory properties ([@b11-bmb-51-308], [@b12-bmb-51-308]). In this study, we screened 4,160 chemicals using NO production assays and found a novel small-molecule inhibitor, 1-\[(2R,4S)-2-methyl-4-(phenylamino)-1,2,3,4-tetrahydroquinoli n-1-yl\] prop-2-en-1-one, named MPQP ([Fig. 1A](#f1-bmb-51-308){ref-type="fig"}). Its inhibitory effects and the possible mechanism of action were studied by assessing the inflammatory signal transduction in LPS-stimulated RAW 264.7 macrophages.

RESULTS AND DISCUSSION
======================

MPQP inhibits NO production in RAW 264.7 macrophages
----------------------------------------------------

Changes in the LPS-induced expression of pro-inflammatory mediators at the mRNA and protein levels in RAW 264.7 macrophages were measured by dose-dependent analysis to establish appropriate experimental conditions for evaluation of the anti-inflammatory effect of the chemicals. The mRNA expression levels of pro-inflammatory mediators (*iNOS*, *COX-2*, *IL-6*, *IL-1*β, and *TNF-*α) were increased until LPS concentration reached 100 ng/ml, but they were not increased any more at higher concentrations ([Supplementary Fig. 1A](#s1-bmb-51-308){ref-type="supplementary-material"}). However, protein expression levels of iNOS and COX-2 were increased until LPS concentration reached 1 μg/ml of LPS ([Supplementary Fig. 1B](#s1-bmb-51-308){ref-type="supplementary-material"}). We, therefore, used 100 ng/ml LPS for detection of mRNA and 1 μg/ml LPS for detection of protein in subsequent experiments, respectively.

NO assay was used as the primary screening tool to discover novel inflammatory inhibitors since NO analysis is less expensive, easier, and faster than other methods. We screened 4,160 chemicals for inhibitory effects on LPS-induced NO production and cell viability using RAW 264.7 macrophages at a constant concentration of 10 μM. Among candidates that inhibited NO production and showed no effect on cell viability, MPQP exhibited strong inhibitory effect on NO production compared to the LPS-control group.

To further evaluate the inhibitory effects of MPQP in LPS-induced inflammation, RAW 264.7 macrophages were pre-treated with MPQP at the indicated concentrations. MPQP was observed to significantly reduce the LPS-induced NO production in a dose-dependent manner without causing cytotoxicity ([Fig. 1B and C](#f1-bmb-51-308){ref-type="fig"}). Since NO is synthesized by inducible NO synthase (iNOS) on LPS stimulation, we tested the effects of MPQP on iNOS mRNA expression. The mRNA expression levels of *iNOS* were measured using RT-qPCR and semiquantitative PCR, as previously described ([@b13-bmb-51-308]). The decrease in NO levels was due to the reduced mRNA expression of the *iNOS* gene as shown by RT-qPCR ([Fig. 1D](#f1-bmb-51-308){ref-type="fig"}). Semiquantitative PCR data verified the inhibitory effects of MPQP on the LPS-induced *iNOS* mRNA expression ([Fig. 1E](#f1-bmb-51-308){ref-type="fig"}). Reduced *iNOS* mRNA expression resulted in the decreased expression of iNOS at the protein level ([Fig. 1F](#f1-bmb-51-308){ref-type="fig"}). These results suggest that MPQP suppresses the LPS-induced NO production in RAW 264.7 macrophages through the regulation of the *iNOS* gene expression.

MPQP reduces cyclooxygenase 2 (COX-2) expression in RAW 264.7 macrophages
-------------------------------------------------------------------------

Next, we measured the COX-2 expression levels in the MPQP-treated macrophages since COX-2 is a general inflammatory mediator. As an enzyme that synthesizes PGE~2~, it leads to inflammatory responses such as redness, swelling, and pain ([@b14-bmb-51-308]). MPQP significantly decreased the *COX-2* gene expression as determined by RT-qPCR ([Fig. 2A](#f2-bmb-51-308){ref-type="fig"}). Additionally, semiquantitative RT-PCR showed that MPQP reduced the LPS-induced *COX-2* mRNA expression levels ([Fig. 2B](#f2-bmb-51-308){ref-type="fig"}). Due to the decreased mRNA expression of *COX-2*, MPQP treatment led to a decreased expression of COX-2 at the protein level ([Fig. 2C](#f2-bmb-51-308){ref-type="fig"}). These results indicate that MPQP may play a role in the regulation of PGE~2~ production by inhibiting the *COX-2* gene expression at the transcription level.

MPQP suppresses the production of pro-inflammatory cytokines in RAW 264.7 macrophages
-------------------------------------------------------------------------------------

The production of pro-inflammatory cytokines is an important process that accompanies LPS-stimulation in macrophages ([@b15-bmb-51-308]). Hence, we measured the effects of MPQP on the production of these pro-inflammatory cytokines, including IL-1β, IL-6, and TNF-α, in LPS-stimulated RAW 264.7 macrophages. As shown in [Fig. 2D](#f2-bmb-51-308){ref-type="fig"}, MPQP treatment showed a dose-dependent decrease in TNF-α production. In addition, MPQP strongly inhibited the production of IL-6 ([Fig. 2D](#f2-bmb-51-308){ref-type="fig"}). To verify whether MPQP regulates the LPS-induced production of the cytokines at the mRNA expression level, we tested its effects on the gene expression by RT-qPCR and semiquantitative RT-PCR. The mRNA expression of IL-1β, IL-6, and TNF-α in the RAW 264.7 macrophages was significantly reduced by MPQP treatment ([Fig. 2E and F](#f2-bmb-51-308){ref-type="fig"}). These results suggest that MPQP modulates the transcription factors that are involved in the production of the pro-inflammatory cytokines in the LPS-stimulated RAW 264.7 macrophages.

Interestingly, MPQP showed differential inhibitory effects on the LPS-induced production of pro-inflammatory mediators ([Fig. 1](#f1-bmb-51-308){ref-type="fig"} and [2](#f2-bmb-51-308){ref-type="fig"}). In particular, the inhibitory effects on NO, COX-2, and IL-6 production was observed to be higher than those of the other mediators including IL-1β and TNF-α ([Fig. 1](#f1-bmb-51-308){ref-type="fig"} and [2](#f2-bmb-51-308){ref-type="fig"}). Since these effects were regulated at the mRNA expression level by several signaling pathways, we estimated that MPQP might differentially regulate each LPS-stimulated signaling pathway. There are several signaling pathways such as NF-κB and MAPKs, including extracellular signal-regulated kinase (ERK), p38, and c-Jun N-terminal kinases (JNK), that are activated by LPS stimulation. When these signaling pathways are suppressed by each specific inhibitor, different inhibitory effects on the production of the pro-inflammatory mediators were observed. For example, SP600125, a specific JNK inhibitor, significantly inhibits the LPS-induced production of NO, IL-6, IL-1β, and TNF-α, but not COX-2. On the other hand, specific ERK inhibitors (U0126 and PD98059) strongly decrease the production of COX-2 but have little effect on the production of IL-6 and TNF-α ([@b16-bmb-51-308]--[@b18-bmb-51-308]). Similar to these studies, our results suggest that MPQP probably has anti-inflammatory effects through the selective inhibition of specific signaling pathways.

MPQP inhibits IκBα, p38, and JNK phosphorylation in LPS-stimulated RAW 264.7 macrophages
----------------------------------------------------------------------------------------

In LPS-stimulated inflammation, the two major transcription factors, NF-κB and AP-1, are activated by LPS-induced upstream kinases such as IκBα and MAPKs. LPS-induced NF-κB activation occurs via the phosphorylation of IκBα at Ser-32/36 followed by degradation, which results in the release and nuclear translocation of NF-κB ([@b19-bmb-51-308]). AP-1 is a dimeric transcription factor composed of Jun, Fos, or ATF (activating transcription factor), and is upregulated through phosphorylation by MAPKs ([@b20-bmb-51-308]). MAPKs are activated through phosphorylation in the activation loops by MAPK kinases ([@b21-bmb-51-308]). To test the effects of MPQP on the LPS-induced activation of the NF-κB and MAPK signaling pathways, we analyzed the phosphorylation levels of IκBα and MAPKs in the LPS-stimulated RAW 264.7 macrophages upon treatment with MPQP. The phosphorylation levels of IκBα were attenuated and the IκBα expression was increased upon MPQP treatment in a dose-dependent manner ([Fig. 3A](#f3-bmb-51-308){ref-type="fig"}). Furthermore, the phospho (p)-p38 and p-JNK levels were decreased after MPQP treatment without changing the total p38 and JNK levels, whereas p-ERK levels were observed to be unchanged ([Fig. 3B](#f3-bmb-51-308){ref-type="fig"}). These results suggest that MPQP selectively inhibits pro-inflammatory responses through the inhibition of NF-κB, p38, and JNK signaling pathways.

MPQP suppresses the activation of upstream kinases including IKKα/β, MAPK kinase (MKK) 3/6, and IRAK1 in LPS-stimulated RAW 264.7 macrophages
---------------------------------------------------------------------------------------------------------------------------------------------

Since MPQP inhibited the phosphorylation of IκBα, p38, and JNK, these molecular targets of MPQP were further investigated by examining their upstream kinases. Upon LPS stimulation, the phosphorylation of IκBα, p38, and JNK requires the activation of upstream kinases including IKKα/β, MKK3/6, and MKK4, respectively. Therefore, we examined whether MPQP was able to inhibit the phosphorylation of these upstream kinases. Treatment of RAW 264.7 macrophages with MPQP decreased p-IKKα/β, p-MKK3/6, and p-MKK4 in a dose-dependent manner. These results suggest that MPQP regulates a further upstream regulator that commonly modulates these signals ([Fig. 3C and D](#f3-bmb-51-308){ref-type="fig"}). Since the activation of IKKα/β, MKK3/6, and MKK4 occurs after LPS-induced activation and degradation of IRAK1 ([@b6-bmb-51-308], [@b7-bmb-51-308]), we examined whether MPQP regulates the expression level of IRAK1. In RAW 264.7 macrophages, the expression level of IRAK1 was measured after LPS treatment. As a result, the expression level of IRAK1 decreased after 5 min of LPS treatment ([Supplementary Fig. 1](#s1-bmb-51-308){ref-type="supplementary-material"}). When RAW 264.7 macrophages were pre-treated with MPQP prior to the LPS stimulation, MPQP suppressed the degradation of IRAK1 ([Fig. 3D](#f3-bmb-51-308){ref-type="fig"}). These data suggest that MPQP might regulate the expression of pro-inflammatory mediators by acting on far upstream signaling proteins such as IRAK1 or its upstream factors ([Fig. 4](#f4-bmb-51-308){ref-type="fig"}).

When we examined the effects of the IRAK specific inhibitor (*N*-\[1-\[2-(4-Morpholinyl)ethyl\]-1*H*-benzimidazol-2-yl\]-3-nitrobenzamide) on LPS-stimulated inflammation in RAW 264.7 macrophages, the IRAK inhibitor showed anti-inflammatory effects similar to MPQP in LPS-stimulated RAW 264.7 macrophages ([Supplementary Fig. 3A and B](#s1-bmb-51-308){ref-type="supplementary-material"}). It reduced the phosphorylation of IκBα, p38, JNK, IKKα/β, MKK4, and MKK3/6 as well as degradation of IRAK1. In addition, the IRAK inhibitor significantly inhibited NO production without cytotoxicity ([Supplementary Fig. 4A and B](#s1-bmb-51-308){ref-type="supplementary-material"}). Furthermore, the IRAK inhibitor showed stronger inhibitory effects on the LPS-induced expression of IL-6, IL-1β, and iNOS than COX-2 and TNF-α ([Supplementary Fig. 4C and D](#s1-bmb-51-308){ref-type="supplementary-material"}), suggesting similar effects as MPQP.

In this study, we investigated the anti-inflammatory effects of MPQP, which is one of the many quinoline derivatives that possess diverse pharmacological properties including anti-microbial, analgesic, and anti-carcinogenic effects ([@b22-bmb-51-308]--[@b24-bmb-51-308]). There are several studies reporting the anti-inflammatory effects of quinoline derivatives ([@b25-bmb-51-308]). In general, quinoline derivatives modulate the inflammatory responses associated with TNF-α, thereby suppressing chronic inflammatory diseases such as psoriasis, Crohn's disease, and rheumatoid arthritis ([@b26-bmb-51-308], [@b27-bmb-51-308]). However, the anti-inflammatory effects of MPQP are exhibited through the inhibition of LPS-induced IRAK1 activation. Reduction of inflammation by the inhibition of IRAK1 signaling may contribute to the regulation of chronic as well as acute inflammatory responses ([@b28-bmb-51-308], [@b29-bmb-51-308]).

MPQP inhibited IL-6 production more strongly than other inflammatory cytokines. IL-6 is involved in the development of various inflammatory diseases, including rheumatoid arthritis, cancer, and osteoporosis ([@b30-bmb-51-308]--[@b32-bmb-51-308]). So far, various peptide drugs including tocilizumab, which blocks the effect of IL-6 by inhibiting its binding to IL-6 receptor for the treatment of RA and systemic juvenile idiopathic arthritis, have been available ([@b33-bmb-51-308], [@b34-bmb-51-308]). However, the limitation of administration site based on the dosage form of peptide drugs led to the trial for the discovery of IL-6-inhibiting chemicals. Since MPQP significantly inhibited LPS-induced IL-6 production at low dose (1 μM) with little regulatory effects on the other inflammatory mediators in RAW 264.7 cells, MPQP has the potential as a therapeutic candidate for the treatment of IL-6-dominant inflammatory diseases.

Based on previous studies and our results, it is expected that MPQP could provide a new perspective on the regulation of LPS-stimulated inflammation by quinoline derivatives through the inhibition of LPS-induced IRAK1 activation. In conclusion, the results of this study suggest that MPQP might be useful in the treatment of various inflammatory diseases through the inhibition of IRAK1-mediated inflammatory signals.

MATERIALS AND METHODS
=====================

See [Supplementary information](#s1-bmb-51-308){ref-type="supplementary-material"}.

Supplementary Information
=========================

We thank the cooperation of Korea Chemical Bank to use chemical library for screening (<http://www.chembank.or.kr>). This work was supported by the National Research Foundation of Korea (NRF) grants funded by the Korean government (Ministry of Science and ICT) (NRF-2018R1A2B6005084 and 2015R1A5A1008958).

**CONFLICTS OF INTEREST**

The authors have no conflicting interests.

![Chemical structure and inhibitory effects of MPQP on the NO production without cytotoxicity. (A) Chemical structure of MPQP. (B, C, D, E, and F) RAW 264.7 macrophages were incubated with MPQP (1, 2, 5, and 10 μM) for 2 h and then stimulated with LPS for the indicated time periods. (B) After LPS (1 μg/ml) stimulation for 24 h, cell viability was measured using EZ-Cytox solution. Cell viability values are shown as bar graphs compared to the LPS-treated group (100%). (C) After 24 h LPS (1 μg/ml) stimulation, the NO production levels were measured using Griess reagents and are shown as bar graphs according to the standard curve calculated on the basis of the nitrite standard solution. (D and E) After 3 h LPS (100 ng/ml) stimulation, total RNA was extracted and reverse transcribed to cDNA. (D) *iNOS* was amplified by qPCR and the expression levels of *iNOS* are shown as bar graphs compared to the LPS-treated group (100%). (E) *iNOS* was amplified by PCR and visualized using EtBr staining. The relative expression level of *iNOS* was normalized to *GAPDH* levels. Quantitative analyses of mRNA expression levels are shown as fold changes following normalization. (F) Total cell lysates were prepared after 24 h LPS (1 μg/ml) stimulation and analyzed by immunoblot analysis. The expression levels of iNOS were detected using specific antibodies. The relative expression levels of iNOS were normalized to α-tubulin levels. Quantitative analyses of the protein levels are shown as fold changes following normalization. The relative expression levels of iNOS are presented as a bar graph. All bar graphs are represented as the mean ± SEM and analyzed using one-way ANOVA for the significance between the three independent experiments. ^\#^P \< 0.0001 vs. LPS-untreated control groups. ^a^P \< 0.01 and ^b^P \< 0.001 vs. LPS-treated groups.](bmb-51-308f1){#f1-bmb-51-308}

![Inhibitory effects of MPQP on the expression levels of COX-2 and the production of pro-inflammatory cytokines. RAW 264.7 macrophages were incubated with MPQP (1, 2, 5, and 10 μM) for 2 h and stimulated with LPS for the indicated time periods. (A, B, E, and F) After 3 h LPS (100 ng/ml) stimulation, total RNA was extracted and reverse transcribed to cDNA. (A) *COX-2* was amplified by qPCR and the expression levels of *COX-2* are shown as bar graphs compared to the LPS-treated group (100%). (B) *COX-2* was amplified by PCR and visualized by EtBr staining. The relative expression level of *COX-2* was normalized to the *GAPDH* levels. Quantitative analyses of mRNA expression levels are shown as fold changes following normalization. (C) Total cell lysates were prepared after 24 h LPS (1 μg/ml) stimulation and analyzed by immunoblot analysis. The expression levels of COX-2 were detected using specific antibodies. The relative expression levels of COX-2 were normalized to α-tubulin levels. Quantitative analyses of protein levels are shown as fold changes after normalization. (D) After 24 h LPS (1 μg/ml) stimulation, ELISA was carried out to measure the levels of TNF-α and IL-6. The production of each cytokine was measured using a standard curve. (E) *IL-1*β, *IL-6*, and *TNF-*α were amplified by qPCR and their expression levels are shown as bar graphs compared to the LPS-treated group (100%). (F) *IL-1*β, *IL-6*, and *TNF-*α were amplified by PCR and visualized by EtBr staining. The relative expression levels of *IL-1*β, *IL-6*, and *TNF-*α were normalized to GAPDH levels. Quantitative analyses of the mRNA expression levels are shown as fold changes following normalization. All bar graphs are represented as the mean ± SEM and analyzed using one-way ANOVA from three independent experiments. ^\#^P \< 0.0001 vs. LPS-untreated control groups. ^a^P \< 0.01 and ^b^P \< 0.001 vs LPS-treated groups.](bmb-51-308f2){#f2-bmb-51-308}

![Inhibitory effects of MPQP on LPS-induced NF-κB and MAPK pathways. RAW 264.7 macrophages were pre-incubated with MPQP (1, 2, 5, and 10 μM) for 2 h and stimulated with LPS (1 μg/ml) for 5 min (for detection of IκBα, IKKα/β, and IRAK1) or 15 min (for detection MAPKs, MKK3/6, and MKK4). Total cell lysates were prepared and analyzed by immunoblot analysis. The expression levels of (A) p-IκBα, IκBα, (B) p-JNK, JNK, p-ERK, ERK, p-p38, p38, (C) p-MKK3/6, MKK3/6, p-MKK4, MKK4, (D) IRAK1, p-IKKα/β, and IKKα/β were detected using specific antibodies. The relative expression levels of p-IκBα, IκBα, and IRAK1 were normalized to the α-tubulin levels. The phosphorylation levels of MAPKs, MKK3/6, MKK4, and IKKα/β were normalized to the corresponding MAPKs, MKK3/6, MKK4, and IKKα/β levels. Quantitative analyses of phosphorylation and protein levels are shown as bar graphs after normalization. All bar graphs are represented as the mean ± SEM and analyzed using one-way ANOVA from three independent experiments. ^\#^P \< 0.0001 vs. LPS-untreated control groups. ^a^P \< 0.01 and ^b^P \< 0.001 vs LPS-treated groups.](bmb-51-308f3){#f3-bmb-51-308}

![Schematic representation of the anti-inflammatory effects of MPQP on the LPS-induced inflammatory pathway. MPQP inhibited LPS-induced activation of IRAK1 or its upstream factors and sequentially suppressed the activation of downstream kinases. As a result of IRAK1 inhibition, the expression of pro-inflammatory mediators was decreased.](bmb-51-308f4){#f4-bmb-51-308}
